We have identi®ed a novel form of the full-length E2F-3 protein that we term E2F-3B. In contrast to full-length E2F-3, which is expressed only at the G1/S boundary, E2F-3B is detected throughout the cell cycle with peak levels in G0 where it is associated with Rb. Transfection and in vitro translation experiments demonstrate that a protein identical to E2F-3B in size and iso-electric point is produced from the E2F-3 mRNA via the use of an alternative translational start site. This alternative initiation codon was mapped by mutagenesis to codon 102, an ACG codon. Mutation of the ACG codon at position 102 abolished E2F-3B expression, whereas the conversion of ACG 102 to a consensus ATG led to the expression of a protein indistinguishable from E2F-3B. Given these results, E2F-3B is missing 101 N-terminal amino acids relative to full-length E2F-3. This region includes a moderately conserved sequence of unknown function that is present only in the growth-promoting E2F family members, including E2F-1, 2 and full-length E2F-3. These observations make E2F-3B the ®rst example of an E2F gene giving rise to two dierent protein species and also suggest that E2F-3 and E2F-3B may have opposing roles in cell cycle control. Oncogene (2000) 19, 3422 ± 3433.
Introduction
E2F refers to a family of transcriptional regulatory proteins that appear to serve dual roles in cellular growth control. E2F proteins bind DNA as heterodimers with members of the related DP family of proteins (Bandara et al., 1993; Helin et al., 1993; Rogers et al., 1996; Wu et al., 1995; Zhang and Chellappan, 1995) . As heterodimers, the E2F/DP proteins serve to drive transcription of genes required for DNA synthesis and cell cycle progression. In contrast, when E2F/DP heterodimers form complexes with members of the Rb family, they serve as transcriptional repressors and inhibit cell growth (for recent reviews see Dyson (1998) ; Johnson and Schneider-Broussard (1998) ; Nevins (1998) ). Six members of the E2F protein family have been identi®ed (Beijersbergen et al., 1994; Buck et al., 1995; Ginsberg et al., 1994; Helin et al., 1992; Hijmans et al., 1995; Itoh et al., 1995; Ivey-Hoyle et al., 1993; Kaelin et al., 1992; Lees et al., 1993; Morkel et al., 1997; Sardet et al., 1995; Shan et al., 1992; Trimarchi et al., 1998) . All E2F proteins share homologous regions including a central DNA binding domain, a DP dimerization domain, a transcriptional activation domain (with the exception of E2F-6) and within the transcriptional activation domain a region that binds to a member of the Rb family.
The six E2F proteins can be divided into three subgroups based upon structural and functional distinctions. E2F-1, 2, and 3 share a moderately conserved hydrophobic N-terminal region (NTR) of approximately 100 amino acids of unknown function. E2F-1, -2 and -3 also share a cyclin A binding domain (Kitagawa et al., 1995; Krek et al., 1994; , a nuclear localization sequence (Allen et al., 1997; Lindeman et al., 1997; Magae et al., 1996; Muller et al., 1997; Verona et al., 1997) and an Sp1-binding domain (Karlseder et al., 1996; Lin et al., 1996; Shin et al., 1996) that are not present in other members of the E2F family. E2F-1, 2 and 3 bind exclusively to pRb (in vivo), but not to the other Rb family members, p107 and p130 . In contrast, E2F-4 and 5 lack an extended NTR and interact with all three members of the Rb family (Beijersbergen et al., 1994; Ginsberg et al., 1994; Hijmans et al., 1995; Wu et al., 1995) . E2F-6 alone represents the third E2F subgroup and appears to be a transcriptional repressor independent of an interaction with Rb (Cartwright et al., 1998; Gaubatz et al., 1998; Morkel et al., 1997; Trimarchi et al., 1998) . Structurally, E2F-6 lacks a transcriptional activation domain and an interaction domain for members of the Rb family.
Emerging data suggest that individual members of the E2F family may play either a primary role in growth stimulation or in growth inhibition. First, E2F family subgroups dier markedly in their pattern of expression. E2F-4 and 5 are expressed constitutively, whereas the expression of E2F-1, 2 and 3 is restricted to cells at the G1/S boundary and into the S phase (Flores et al., 1998; Hsiao et al., 1994; Ikeda et al., 1996; Johnson et al., 1994; Leone et al., 1998; Moberg et al., 1996; Neuman et al., 1994; Sardet et al., 1995; Sears et al., 1997) . Second, ectopic expression suggests fundamentally dierent biological activities for individual E2F proteins. For example, overexpression of either E2F-1, 2, or 3 in quiescent REF52 ®broblasts promotes S phase entry; whereas overexpression of E2F-4 or E2F-5 does not or does so less eciently (DeGregori et al., 1997; Johnson et al., 1993; Lukas et al., 1996; Mann and Jones, 1996) . In addition, in vivo E2F-1 is a much stronger transcriptional activator than either E2F-4 or -5 (Pierce et al., 1998) and in vitro E2F-1 selects a broader range of DNA sequences than E2F-4 and binds more avidly to all sequences examined (Tao et al., 1997) . These results potentially explain why E2F-1 induces cell growth eciently. In contrast, E2F-4 and 6 may specialize in growth inhibition since the overexpression of E2F-4 has recently been shown to promote the dierentiation of nerve growth factortreated PC12 cells (Persengiev et al., 1999) . Similarly, the over-expression of E2F-6 appears to block cell growth progression of stimulated ®broblasts (Cartwright et al., 1998; Gaubatz et al., 1998) .
In the present work, we have identi®ed a novel member of the E2F protein family which appears to be an alternatively initiated form of the E2F-3 protein, designated E2F-3B. In contrast to growth-promoting E2F family members, including full-length E2F-3, E2F-3B is produced at its highest level in quiescent cells where it is associated with Rb. Interestingly, several lines of evidence presented here suggest that E2F-3B is produced by alternative translational initiation at codon 102, an ACG. Thus, E2F-3B is missing the entire N-terminal region of the growth-promoting members of the E2F family.
Results

Deoxycholate treatment reveals a novel form of E2F-3
In previous work (Dong et al., 1998; Flores et al., 1998) , we demonstrated that the dominant E2F complex detected by electrophoretic mobility shift assay (EMSA) in density-arrested ®broblasts contained E2F-4 and the p130 protein. However, in mouse ®broblasts the E2F-Rb complex is not apparent in EMSAs (Hurford et al., 1997) . To address the possibility that forms of E2F were present, but not apparent in our EMSAs, extracts of cells in the G0 and G1/S phases of the cell cycle were treated with deoxycholate (DOC). DOC treatment disrupts E2F/ RB complexes and releases free E2F that binds DNA in EMSAs (Chellappan et al., 1991) . The EMSA shown in Figure 1a demonstrates that treatment of a BALB/c-3T3 GO nuclear extract with DOC resulted in the generation (or enhancement) of a single predominant E2F band not characteristic of any E2F complexes that we have de®ned in the past. Antibody supershift experiments were performed (Figure 1a , lanes 3-6) demonstrating that this novel form of E2F was abolished by the addition of an antibody directed against the E2F-3 C-terminal 18 amino acids. This result was not expected because we (Flores et al., 1998) and others (Leone et al., 1998; Moberg et al., 1996) have demonstrated that the full-length E2F-3 protein was not expressed at a measurable level in quiescent or G1 cells as assayed by Western blot. While DOCtreatment of G1/S extracts ( Figure 1b ) did not reveal any complexes not already apparent in untreated extracts, Figure 1B does make it clear that there are two complexes in G1/S cells recognized by the E2F-3 C-terminal antibody (compare lanes 2 and 4 of panels a and b). The slower moving E2F-3 band corresponds to full-length E2F-3 which we have previously described (Dong et al., 1998; Flores et al., 1998) . The faster moving E2F-3 band was designated E2F-3B.
The native electrophoretic mobility of E2F-3B was compared with E2F-1 through 5 by transfecting plasmids that expressed these proteins (together with DP-1) into C-33A cells (Figure 1c ). An additional construct, E2F-3NT, which expresses an arti®cial Nterminally truncated form of E2F-3 (see Figure 2a for a schematic) was also included . Complexes containing full-length E2F-1, 2 and 3 migrated with indistinguishable mobilities, E2F-4 Figure 1 Treatment with DOC reveals a novel form of E2F present in BALB/c-3T3 G0 cells. (a) Nuclear extracts of densityarrested BALB/c-3T3 (G0) cells were treated with 0.2% DOC and 20 mg subjected to EMSA. Lane 1, untreated BALB/c-3T3 G0 extract. Lane 2, DOC-treated BALB/c-3T3 G0 extract. Lanes 3 ± 6, antibodies were added to DOC-treated G0 extract to identify complexes. Lane 3, E2F-4 antibody (sc-866X). Lane 4, E2F-3 antibody (C18, sc-878X). Lane 5, E2F-2 antibody (sc-632X). Lane 6, E2F-1 antibody (sc-193X) . The positions of putative complexes are indicated. ?refers to an unidenti®ed complex(es) in this and subsequent ®gures. This ®lm was exposed approximately 48 h. (b) The same as for (a) except extracts of BALB/c-3T3 cells following 15 h PDGF stimulation (85% G1/S phase) were used. (c) Whole cell extracts of cells transiently overexpressing speci®c E2F/DP-1 heterodimers were compared with E2F-3B in an EMSA. Lane 1, DOC-treated BALB/c-3T3 G0 extract (predominantly E2F-3B). Lane 2, extract of C-33A cells transfected with 20 mg empty pcDNA3 vector extract (mock), Lanes 3 ± 8, extracts of C-33A cells transfected with 10 mg of pcDNA3 vector containing E2F-1, 2, 3, 4, 5 or E2F-3NT cDNAs cotransfected with 10 mg CMV-neo-HA-DP-1. This ®lm was exposed approximately 16 h. Twenty mg of protein were loaded in each lane. E2F-2 was very poorly expressed in this experiment, but in other experiments it comigrates with E2F1 (not shown) migrated more slowly while E2F-5 complexes migrated more quickly. Figure 1c reveals that E2F-3B (lane 1) migrated very similar to E2F-3NT and much more rapidly than do the full-length proteins.
To test the hypothesis that E2F-3B could represent an E2F-3 protein lacking its N-terminal region we used an antibody directed against the E2F-3 Nterminal 20 amino acids that should not recognize an N-terminally truncated form (see Figure 2a for a schematic) side by side with the C-terminal antibody. The data in Figure 2b reveal that the N-terminal E2F-3 antibody recognized neither E2F-3B nor E2F-3NT. In contrast, the N-terminal antibody quantitatively abolished full-length E2F-3, demonstrating that the N-terminal antibody was fully functional. To exclude the possibility that the C-terminal antibody cross-reacts with a novel member of the E2F family additional antibodies were generated speci®c to a region of E2F-3 (highlighted in Figure 2a ) that is not conserved within the E2F family. Figure 2c demonstrates that antibody preparations 1372 and 1373 both quantitatively shifted E2F-3B, whereas, preimmune antibody preparations had no eect. In control experiments, the E2F-3 antibodies 1372 and 1373 did not cross-react with other members of the E2F family, but each did quantitatively abolish full-length E2F-3 (not shown).
E2F-3B is missing the NTR characteristic of the growthpromoting members of the E2F family and associates with Rb in G0
A Western blot was performed on extracts from BALB/c-3T3 G0 and G1/S cells using the C-terminal Figure 2 E2F-3B is recognized by an E2F-3 C-terminal antibody, but not by an E2F-3 N-terminal antibody. (a) Schematic structure of E2F-3NT compared with E2F-3. Various known functional domains and regions are indicated. Cln A and NLS refer to overlapping cyclin A-binding and a nuclear localization sequences. Antibody epitopes are indicated. A putative structure for E2F-3B is proposed (justi®ed below). (b) DOC-treated BALB/c-3T3 G0 extracts, overexpressed E2F-3NT and E2F-3 were subjected to antibody supershift assay. Antibodies were added as indicated (1 ml). C is an antibody directed against the E2F-3 C-terminal 18 amino acids (sc-878x) and N is an antibody directed against the E2F-3 N-terminal 20 amino acids (sc-879x). This ®lm was exposed approximately 16 h. Twenty mg of protein was loaded in each lane. (c) BALB/c-3T3 G0 extracts were treated with DOC to release E2F-3B and the indicated antibodies added. Lane 1, no antibody. Lane 2, N-terminal E2F-3 antibody. Lane 3, C-terminal E2F-3 antibody. Lane 4, antibody 1372 raised against E2F-3 amino acids 351 ± 414. Lane 5, antibody 1373 raised against E2F-3 amino acids 351 ± 414. Lanes 6 and 7, preimmune antibody preparation for 1372 and 1373, respectively. This ®lm was exposed approximately 48 h. Twenty mg of protein was loaded in each lane antibody as a probe to determine if E2F-3B could be detected. Full-length E2F-3 was translated in vitro and included in the Western blot as a control. As shown in Figure 3a , G0 cells possessed an immunoreactive band at a lower molecular weight than full-length E2F-3. This band diminished in G1/S cells, although it did not disappear. As predicted from the EMSA results and reported earlier (Flores et al., 1998; Moberg et al., 1996) , G0 cells had little full-length E2F-3, whereas cells at G1/S had a dramatic increase in full-length E2F-3. The mobility of E2F-3B suggested that it was missing a signi®cant portion of the full-length E2F-3 protein. To obtain a more accurate estimate of the point of deletion the mobility of E2F-3B was compared with in vitro translated E2F-3 NT. Comparing the mobilities of E2F-3B (from a BALB/c-3T3 G0 extract) and E2F-3NT (Figure 3b lanes 2 and 3) revealed that the two proteins are very similar in size. Since E2F-3NT begins translation at amino acid 132 of E2F-3, this result suggests that E2F-3B is missing approximately 130 N-terminal amino acids.
Western blots using the N-terminal E2F-3 antibody were not initially informative, since this antibody crossreacted with other proteins in crude extracts. To prepare partially puri®ed E2F, and thus eliminate cross-reacting proteins, a DNA pull down was employed. A 5'-biotinylated oligonucleotide and a complementary oligonucleotide were used to form a double-stranded DNA containing a high anity E2F binding site. This biotinylated oligonucleotide probe was incubated with DOC-treated extracts of asynchronous cells to allow binding to E2F (asynchronous cells have both E2F-3 and 3B). The biotinylated DNA/E2F complex was recovered using streptavidin-agarose beads. The partially puri®ed E2F fraction was eluted from the beads and subjected to Western blot using the C-terminal and N-terminal antibodies in parallel. The data in Figure 3c reveal that the C-terminal E2F-3 antibody recognized two forms of E2F-3, the fulllength protein and E2F-3B. The N-terminal E2F-3 antibody recognized only the full-length form.
It has been established that E2F-1, 2, and 3 do not interact with p107 or p130 in vivo, and thus, it is likely that in G0 cells E2F-3B is bound to Rb and that the complex simply does not appear in the EMSA. To determine if this were so, immunoprecipitations were performed using a Rb monoclonal antibody followed by Western blot using the C-terminal E2F-3 antibody to detect both E2F-3 and E2F-3B. Two DP-1 monoclonal antibodies served as controls since DP-1 should interact with both E2F-3 and E2F-3B in G0 and in S. Figure 3d reveals that E2F-3 was associated with Rb in BALB/c-3T3 G0 cells, but that the association was lost during G1/S (consistent with a model in which phosphorylation of Rb abolishes the Rb/E2F-3B interaction during S phase). In contrast, Figure 3 Western blot analysis indicates that E2F-3B is expressed at its highest levels in G0, lacks the entire N-terminal region of full-length E2F-3 and associates with Rb. (a) Extracts of BALB/c-3T3 G0 cells, cells in G1/S and 1 ml of in vitro translated (IVT) full-length E2F-3 were compared by Western blot using the C-terminal E2F-3 antibody as probe. Mol wt markers are indicated. Lanes 2 and 3, 100 mg of protein was loaded in each lane. (b) The relative electrophoretic mobilities of E2F-3B, IVT E2F-3 and IVT E2F-3NT were determined by Western blot using the C-terminal E2F-3 antibody as probe. (c) To enrich extracts for E2F DNA binding activity a DNA pull down on 200 mg of protein was employed prior to Western blot with C-terminal and N-terminal E2F-3 antibodies. Lane 1, one ml of IVT full-length E2F-3. Lanes 2 and 4, control DNA pull down excluding biotinylated oligonucleotide (7). Lanes 3 and 5, DNA pull down including biotinylated oligonucleotide (+). Lanes 1, 4 and 5 were probed with N-terminal antibody. Lanes 2 and 3 were probed with C-terminal antibody. (d) Extracts (200 mgs) of BALB/c-3T3 G0 and G1/S cells were subjected to immunoprecipitations with Rb (14051, Pharmingen) and DP-1 (MS-255 and MS-266, NeoMarkers) monoclonal antibodies. Immunoprecipitates were subjected to Western blots using the C-terminal E2F-3 antibody as probe. Lane 1, G0 extract, Rb IP. Lane 2, G1/S extract, Rb IP. Lane 3, G0 extract, DP-1 (255) IP. Lane 4, G1/S extract DP-1(255) IP. Lane 5, G0 extract DP-1 (266) IP. Lane 6, G1/S extract DP-1 (266) IP. Lane 7, 1 ml of in vitro-translated full-length E2F-3 both DP-1 antibodies co-immunoprecipitated E2F-3B in BALB/c-3T3 G0 and E2F-3B and full-length E2F-3 in G1/S. We were unable to detect any association of E2F-3B with p130 or p107 (data not shown).
E2F-3B protein is expressed in differentiated human cells, whereas full-length E2F-3 protein expression is down regulated without apparent change in the E2F-3 message
To determine if E2F-3 and E2F-3B were expressed in human cells E2F-3 and E2F-3B expression was measured in HL60 cells (a human promyelocytic leukemia cell line) that can be induced to dierentiate into macrophage-like cells (Ikeda et al., 1996) by the addition of PMA. Twenty-four hours following PMA, 80 ± 90% of the cells had dierentiated into macrophage-like cells and adhered to the tissue culture¯asks. Flow cytometry revealed that 38% of the cells were in S phase prior to PMA treatment, whereas adherent PMA-treated cells displayed less than 2% of cells in S phase (data not shown).
Whole cell extracts (Ikeda et al., 1996) were prepared from growing and dierentiated cells and subjected to Western blot (as controls we also included Western blots of E2F-1 and 4). Figure 4a reveals that both E2F-3 and E2F-3B were present in asynchronously growing cells, whereas only E2F-3B was expressed in the dierentiated cells (a pattern identical to the G0 versus G1/S expression pattern in mouse ®broblast). The E2F-1 polypeptide disappeared in dierentiated cells and E2F-4 levels increased 2 ± 3-fold (the multiple E2F-4 species were dierentially phosphorylated forms of E2F-4, data not shown).
Several possible mechanisms could explain the generation of E2F-3B. While, members of the DP family have been shown to have alternative transcripts (Rogers et al., 1996; Zhang and Chellappan, 1995) , there have been no reports of alternative transcripts for any member of the E2F family. However, to test the simple hypothesis that E2F-3 and E2F-3B could arise from alternative transcripts we analysed the E2F-3 mRNA in growing and dierentiated HL60 cells. Figure 4b reveals that there was a single E2F-3 message in growing cells and that this message did not change in size or intensity following dierentiation. This result supports the hypothesis that E2F-3 and E2F-3B both arise from the same transcript. As controls, the blot was stripped and reprobed with E2F-4 and E2F-1 cDNA fragments. Figure 4b reveals that the E2F-4 message was constitutive, whereas the E2F-1 message disappeared in the dierentiated cells, accounting for the loss of E2F-1 protein.
A protein indistinguishable from E2F-3B originates by alternative translational initiation Transient transfections were used to test two additional hypotheses; ®rst, that E2F-3B is the product of a speci®c proteolysis and second, that E2F-3B is the product of alternative translational initiation. C-33A cells were transfected with pcDNA3-E2F-3, a plasmid that expresses full-length E2F-3 under the direction of a CMV promoter (WT). Comparison of Figure 5a lanes 1 and 3 demonstrates that the cells transfected with this plasmid overexpress predominantly full-length E2F-3 and some E2F-3B relative to untransfected cells (untransfected C-33A cells express little E2F-3B and virtually no full-length E2F-3). This result is consistent with the conclusion that E2F-3 and E2F-3B both originate from the same mRNA, and are not the products of dierent genes or alternatively spliced mRNAs. To determine if E2F-3 and 3B are alternative translation products or if E2F-3B is produced by proteolysis of E2F-3, a second plasmid that deletes the ®rst 94 codons of E2F-3 including the translation start codon (D1 ± 94) was transfected. If E2F-3B is the product of post-translational processing, then this deletion must abolish the production of both fulllength E2F-3 and E2F-3B. If, on the other hand, E2F-3B is the product of an alternative translational start site, then the D1 ± 94 plasmid could express E2F-3B, but could not express full-length E2F-3. Transfection of the D1 ± 94 plasmid clearly resulted in E2F-3B overexpression in the absence of overexpression of fulllength E2F-3 (see lane 2 of Figure 5a ).
Figure 4 E2F-3B is expressed in dierentiated HL60 cells whereas full-length E2F-3 is not, independent of apparent changes in the E2F-3 message. (a) Protein extracts from proliferating (pro) and dierentiated (dif) HL60 cells were analysed on separate Western blots (the relative mobilities of the three blots are not comparable since the E2F-3 gel ran longer). E2F-3 was detected with the Cterminal antibody. E2F-1 and 4 were detected using antibodies sc-193 and sc-866, respectively. One-hundred mg of protein was loaded in each lane. (b) Proliferating (pro) and dierentiated (dif) HL60 cells were analysed by Northern blot. Five mg of polyadenylated RNA per lane was resolved on an agarose-formaldehyde gel. DNA fragments corresponding to the nonconserved Cterminal regions of E2F-1, E2F-3 and E2F-4 were used to probe the membrane as indicated To con®rm that the polypeptide produced by the D1 ± 94 plasmid was functional, transfections were repeated including an HA-DP-1 expression vector (Helin and Harlow, 1994) and whole cell extracts were evaluated by EMSA. Figure 5b reveals that the D1 ± 94 plasmid produced a functional DNA-binding complex and that this complex had an electrophoretic mobility indistinguishable from E2F-3NT (and thus E2F-3B). As a second test of functionality, we cotransfected an E2F-responsive reporter plasmid E2F-1 LUC (Johnson et al., 1994) together with empty pcDNA3 vector, pcDNA3-E2F-3 or pcDNA3-E2F-3 D1 ± 94 (which produces E2F-3B in the absence of full-length E2F-3 expression). The results presented in Figure 5c indicate that E2F-3B (produced by the pcDNA3-E2F-3 D1 ± 94 construct) was only modestly diminished in its ability to activate transcription relative to full-length E2F-3.
The second ATG of the E2F-3 cDNA occurs at codon 232 and translational initiation at this codon would encode a protein lacking the DNA binding domain. Thus, the E2F-3 sequence does not contain an ATG codon that could possibly serve as the initiating codon for E2F-3B. Taken together, these facts suggest that E2F-3B must initiate translation at a non-ATG codon. To test this hypothesis the E2F-3 cDNA sequence was scanned for non-ATG codons that have been demonstrated to serve as initiation sites for other proteins and converted these codons to authentic ATG codons (Peabody, 1989) . Figure 3b revealed that E2F-3B was approximately the size of E2F-3NT, and thus, mutagenesis focused on codons in the general vicinity of codon 132. Speci®cally, constructs were created that replaced putative initiation codons ACG 181, AAG 154, CTG 119, CTG 112 and ACG 102 (and all upstream sequences) with a consensus ATG initiation codon (see schematic in Figure 6a) . These proteins were then translated in vitro and compared by SDS ± PAGE with E2F-3B produced from the D1 ± 94 construct. The data shown in Figure 6b ,c reveal that initiation at codon 102 generated a protein with an electrophoretic mobility identical to E2F-3B, whereas all other constructs generated smaller proteins. To further test the hypothesis that ACG 102 serves as the initiation codon of E2F-3B, this codon was mutated to GGT Figure 5 E2F-3B is produced by alternative translational initiation. (a) C-33A cells were transfected and after 36 h extracts were prepared and 100 mgs Western blotted using E2F-3 C-terminal antibody. Cells were transfected with the following plasmids: Lane 1, 20 mg empty pcDNA-3 vector (Mock). Lane 2, 10 mg pcDNA-3 containing E2F-3 deleted of its usual ATG D1 ± 94 and 10 mg empty vector. Lane 3, 10 mg pcDNA-3 expressing full-length E2F-3 cDNA (WT) and 10 mg empty vector. Lane 4, 10 mg CMV-neo vector expressing E2F-3NT cDNA (E2F-3 NT) and 10 mg empty pcDNA-3 vector. Lane 5, 10 mg CMV-neo vector expressing E2F-3NT and 10 mg pcDNA-3 expressing full-length E2F-3 cDNA (WT) Lane 6, 10 mg pcDNA-3 containing E2F-3 deleted of its usual ATG (D1 ± 94) and 10 mg pcDNA-3 expressing full-length E2F-3 cDNA (WT). Lane 7 represents in vitro translated E2F-3 that serves as a molecular weight reference and an internal control for the Western blot technique. (b) Same as panel A except that transfections included 10 mg of an HA-DP1-expressing plasmid and extracts were subjected to EMSA. Lane 1, 10 mg empty pcDNA-3 vector (Mock) and 10 mg of an HA-DP1-expressing plasmid. Lane 2, 10 mg pcDNA-3 expressing full-length E2F-3 cDNA (WT) and 10 mg HA-DP-1 plasmid. Lane 3, 10 mg pcDNA-3 containing E2F-3 deleted of its usual ATG (D1 ± 94) and 10 mg HA-DP-1. Lane 4, 10 mg CMV-neo vector expressing E2F-3NT cDNA (E2F-3 NT) and 10 mg HA-DP-1. (c) BALB c-3T3 cells were transfected with the E2F-responsive reporter E2F1-LUC (Johnson et al., 1994) an internal control plasmid and either pcDNA3 empty vector, pcDNA3-E2F-3 or pcDNA3-E2F-3 D1 ± 94, as indicated. Transfected cells were serum starved (0.5% calf serum) and lysed 48 h following transfection (Cress and Nevins, 1996) and luciferase levels (both reporter and internal control) determined. Relative activities are normalized using the renilla luciferase as transfection controls and setting pcDNA3 empty vector equal to onefold activation (in the context of the D1 ± 94 construct) to determine if its alteration would abolish E2F-3B expression. Figure 6d reveals that this mutation (GGT 102) abolished the expression of E2F-3B, and thus, ACG 102 serves at the E2F-3B initiation codon.
Initiation at a non-ATG codon is considered a rare event. To further verify that the E2F-3B-sized protein produced by initiation at codon 102 in transfections is the same as the endogenous E2F-3B the proteins were compared by denaturing iso-electric focusing. E2F-3 S-methionine and compared by SDS ± PAGE. Lane 1, pcDNA-3 E2F-3 (full-length E2F-3). Lane 2, pcDNA-3 E2F-3 ATG 119. Lanes 3, 5 and 7, pcDNA-3 D1 ± 94 (E2F-3B). Lane 4, pcDNA-3 ATG 132. Lane 6, pcDNA-3 ATG 154. Lane 8, pcDNA-3 ATG 181. Lane 9, un-programmed lysate (UPL), which received only empty pcDNA-3 vector. To partially compensate for the lower eciency use of the E2F-3B non-ATG initiation codon, ®vefold less reaction volumes were loaded. Speci®cally, lanes 3, 5, 7 and 9 received 10 ml, whereas lanes 1, 2, 4, 6 and 8 were loaded with only 2 ml. (c) Additional E2F-3 variants were assayed as described in panel B. Lanes 1, 3 and 5 were loaded with 5 ml of in vitro translated pcDNA-3 D1 ± 94 (E2F-3B). Lane 2, 1 ml ATG 102. Lane 4, 1 ml ATG 112. Lane 6, 1 ml ATG 119. Lane 7, 5 ml unprogrammed lysate. (d) The putative E2F-3B initiation codon ACG 102 was changed to GGT and in vitro translation of this altered sequence was compared with the wt sequence and the ATG 102 mutant. Lane 1, 5 ml in vitro translated pcDNA-3 GGT 102. Lane 2, 5 ml in vitro translated pcDNA-3 E2F-3B. Lane 3, 5 ml ATG 102. Lane 4, 5 ml un-programmed lysate. Quantitation of the image (including correction for the amount of protein loaded) indicated that ATG 102 was translated 14-fold more eciently than the normal WT sequence ACG 102. GGT 102 did not produce detectable protein Smethionine and protein expression measured by SDS ± PAGE (Figure 7a ). These 35 S-labeled proteins were then compared on an iso-electric-focusing gel (Figure 7b ). The data in Figure 7b reveal the predicted result, E2F-3 and 3B migrate with similar mobility whereas E2F-1, 2 and 5 migrate to a much lower pI. E2F-4 apparently migrates o the gel under these conditions since it is highly phosphorylated (data not shown). Next we used iso-electric focusing to compare endogenous E2F-3B with E2F-3B produced by transfected D1 ± 94 plasmid. For this experiment extracts of density-arrested ®broblasts, which contain only E2F-3B (and no full-length protein, Figure 3a ), served as a source of endogenous E2F-3B. PDGFstimulated ®broblasts that express primarily full-length E2F-3 served as a source of endogenous E2F-3. These extracts were then compared by iso-electric focusing with C-33A cells transfected with either empty vector (which express very little of either E2F-3 or 3B), with full-length E2F-3 and with D1 ± 94. Following isoelectric focusing, proteins were transferred to membranes and detected by Western blot using the Cterminal antibody that recognizes both E2F-3 and 3B. The data in Figure 7c reveals that the endogenous E2F-3 and 3B proteins have pIs that are indistinguishable from the proteins produced by the plasmids. The multiple bands in the iso-electric focusing gels are likely to be the result of post-translational modi®ca-tions that slightly change the pI of E2F-3 or E2F-3B (but apparently do not aect mobility in SDS ± PAGE gels). Given the resolution of this system it is expected that each distinct band represents a dierence in a single charge. To demonstrate this point the arti®cial E2F-3 protein E2F-3 NT, which initiates at codon 132 and has a calculated pI of 5.0, was compared to fulllength E2F-3. With regard to charge E2F-3 NT diers from E2F-3 and 3B by one histidine and two arginine residues. Lanes 6 and 7 in Figure 7c clearly reveal that the dierence of only three charged residues results in distinct mobility for E2F-3 NT. We conclude that S-methionine, separated by SDS ± PAGE and then detected using a PhosphoImager. Each lane received 2 ml of the indicated in vitro transcription/translation reaction. Lane 1, UPL. Lane 2, represents in vitro translated E2F-3B (pcDNA-3 ATG 102). Lanes 2 ± 4, represent in vitro translated full-length E2F-1 through E2F-5 (each translated from a pcDNA-3 vector). (b) In vitro-translated proteins (from a) were separated on a denaturing isoelectric focusing gel and detected by autoradiography. Lanes 1 ± 6, each lane received 5 ml of the indicated in vitro transcription/translation reaction and the positions of bands are indicated. The positions of iso-electric point markers, carbonic anhydrase (pI=6.0), b-lactoglobin (pI=5.2) and glucose oxidase (pI=4.2) are indicated. (c) Endogenous E2F-3B from quiescent cells was compared with E2F-3B produced by the D1 ± 94 plasmid. Protein extracts (100 mg) were resolved on a denaturing isoelectric focusing gel and E2F-3 proteins detected by Western blot. Lane 1, C33-A cells transfected with empty pcDNA-3 (mock). Lane 2, density-arrested BALB/c-3T3 cells (G0). Lane 3, density-arrested BALB/c-3T3 cells synchronized at G1/S by 15-h treatment with PDGF (G1/S). Lane 4, C33-A cells transfected with pcDNA-3 expressing full-length E2F-3 (E2F-3). Lane 5, C33-A cells transfected with pcDNA-3 D1 ± 94 (E2F-3B). Lanes 6 and 7, 2 ml in vitro-translated full-length E2F-3 (IVT E2F-3) and E2F-3 NT (IVT ATG 132), respectively. The relative contributions of E2F-3 and E2F-3B in G0 and S fractions are the same as in Figure 3a (data not shown) endogenous E2F-3B and the protein produced by initiation at ACG 102 are identical.
Discussion
We have identi®ed an additional member of the E2F protein family, E2F-3B. It is intriguing that the switch from E2F-3B to E2F-3 full-length mirrors the general switch from expression of E2Fs lacking the NTR (E2F-4 and 3B) in G0 to expression of E2Fs containing an NTR (E2F-1, -2 and -3) during S phase. However, since the function of the E2F-3 NTR is unknown, we can only speculate at the functional relevance of the switch from E2F-3B to E2F-3 during the cell cycle. The data presented in Figure 5c make it clear that the NTR of E2F-3 is not required for transcriptional activation since E2F-3B eciently activates the E2F-1 promoter. This result suggests that the NTR of E2F-3 is not essential for transcriptional activation (at least in the context of a luciferase reporter and overexpressed protein). These results, however, do not rule out a subtle role for the NTR in transcriptional activation at physiological levels of expression. Alternatively, the NTR of E2F-3 could serve an entirely novel function. Future experiments will address what function (if any) is provided by the NTR of E2F-3.
During the review of this manuscript a paper describing E2F-3 de®cient mice was published (Humbert et al., 2000) . The E2F-3 gene was found to be critical for normal development since E2F-3 de®cient pups arose at one-quarter the expected frequency. Furthermore, it was found that the loss of E2F-3 dramatically impaired the mitogen-induced, transcriptional activation of numerous E2F-responsive genes in ®broblasts derived from E2F-3 de®cient embryos. The results with E2F-3-de®cient mice are in contrast to E2F-1 and E2F-5 de®cient animals, which have no apparent defects in cell proliferation (Field et al., 1996; Lindeman et al., 1998; Yamasaki et al., 1996) . The primary defect in E2F-1 de®cient animals appears to be in apoptosis (especially in the thymus) and these animals develop a wide variety of tumors late in life (Field et al., 1996; Yamasaki et al., 1996) . The primary defect in E2F-5 de®cient mice appears to be in dierentiation since the animals secrete excess cerebral spinal¯uid and die from hydrocephalis (Lindeman et al., 1998) . The observation that E2F-3 de®cient mice have defects in both dierentiation and proliferation suggests an important role of E2F-3 in growth control and in development. However, this data raises the question of the relative contributions of E2F-3 and E2F-3B to the phenotype of the E2F-3 de®cient mice since both E2F-3 and 3B are included in the reported knockout. We speculate that E2F-3B may be primarily responsible for the defect in dierentiation, whereas the full-length E2F-3 protein may be critical in the proliferative function of the E2F-3 gene.
We have presented several lines of evidence which are consistent with a model in which the E2F-3B polypeptide originates by alternative translational initiation at ACG codon 102 of the E2F-3 mRNA. Initiation at a non-ATG codon is not unprecedented among cell cycle-regulating transcription factors. There are three forms of c-Myc (c-myc1, c-myc2 and c-mycS) which appear to be produced by the use of alternative translational start sites, one of which is a non-ATG start codon (Hann, 1994 (Hann, , 1995 Hann et al., 1994 Hann et al., , 1988 Hann et al., , 1992 Spotts et al., 1997) . C-myc1 arises from a non-ATG codon (CUG) and its levels, like E2F-3B, are highest in quiescent cells (Hann et al., 1988 (Hann et al., , 1992 . Cmyc2 arises from a downstream ATG codon. In general this is the most abundant form of c-Myc, yet in starved cells the c-myc1 levels are nearly equal to cmyc2 (Hann et al., 1992) . C-mycS is produced by translational initiation at two closely spaced ATG codons far downstream of the c-myc2 ATG (Spotts et al., 1997) . The c-myc1 and c-mycS isoforms appear to function primarily as dominant-negative molecules and, in the limited number of assays which have been examined, they block various functions of c-myc2 Xiao et al., 1998) . Likewise, dierent isoforms of the growth regulating human ®broblast growth factor 2 (FGF-2) are synthesized by the use of four alternative non-AUG codons and a single canonical AUG codon (Arnaud et al., 1999) . The various modes of action of FGF-2 are the direct consequence of which initiation codon is used. Isoforms initiated at the upstream non-AUG codons localize to the nucleus and lead to the immortalization of bovine aortic endothelial cells, whereas the shorter isoform that initiates at the canonical AUG are cytoplasmic and leads to transformation of the same cells (Bugler et al., 1991; Couderc et al., 1991) .
The E2F-3B non-ATG initiation codon is clearly dierent from the c-myc and FGF-2 non-ATG codons since it lies downstream of a consensus ATG. There are only a few precedents that we have found for a non-ATG codon downstream of an alternative ATG start codon to be a strong initiation codon (Boyd and Thummel, 1993; Madigan et al., 1996) . Furthermore, we have found four examples of proteins that initiate exclusively at non-ATG initiation codons (Falvey et al., 1995; Imataka et al., 1997; Riechmann et al., 1999; Xiao et al., 1991) . Presently, we can only speculate at the mechanism that controls the expression levels of full-length E2F-3 relative to E2F-3B. Figure 5a makes it apparent that both full-length E2F-3 and 3B can be produced from the full-length mRNA, thus (under these conditions) the translational machinery apparently leaks through the upstream E2F-3 ATG and then utilizes the downstream ACG 102 codon. Perhaps the relative leakiness of the upstream initiation codon is regulated in a cell cycle-dependent manner. Alternatively, the leakiness of the upstream codon could be constant and the relative accumulation of the two proteins could be determined by dierential protein stability. Finally, although we observe only one band in our Northern analysis, we have not formally excluded alternative transcription units as means to regulate the relative levels of expression of E2F-3 versus 3B. Future work will be necessary to distinguish between these and other viable models.
Materials and methods
Cell culture
BALB/c-3T3 cells were maintained in Dulbecco's Modi®ed Eagle's Media containing 5% calf serum, arrested in G0 by growing to con¯uence and stimulated to re-enter DNA synthesis by the addition of fresh media containing 5% calf serum and 10 ng/ml platelet-derived growth factor (PDGF). Eighty-®ve per cent of these cells reached the G1/S boundary 15 h following PDGF treatment (Flores et al., 1998) as determined by DNA content (propidium iodide staining). HL60 cells (ATCC CCL-240) were maintained in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum (FCS) and were induced to dierentiate as previously described (Ikeda et al., 1996) . C-33A cells were maintained in DMEM supplemented with 10% FCS.
Vectors, mutagenesis, transfections, and in vitro translations E2F-3 and its derivatives were expressed using pcDNA-3 (Invitrogen). PcDNA3-E2F-3 was a gift from Alex Miron (Duke University). HA-DP-1 was expressed using a CMVneo Bam vector which was a gift from Christian Helin (European Institute of Oncology). The calcium phosphatebased procedure used for transient transfections of E2F/DP heterodimeric pairs in C-33A cells has been previously described Nevins, 1994, 1996; Flores et al., 1998) . E2F-3 deletion construct D1 ± 94 was prepared by the polymerase chain reaction (PCR) and the PCR fragment was cloned into the pcDNA3-E2F-3 plasmid using a vector HindIII site and an EcoDI restriction site at codon 221 of E2F-3. Other mutations were created using oligonucleotidedirected mutagenesis as previously described and all mutants were sequenced by the Mott Molecular Core Facility. Oligonucleotides were obtained from Gibco/BRL (Bethesda, MD, USA) and speci®c sequences are available upon request. In vitro translations were done using a TNT-coupled transcription/translation system (Promega, Madison, WI, USA) as previously described . BALB/c-3T3 transfections were performed using Fugene 6 (Roche Molecular Biochemicals, Mannheim, Germany) in 60 mM dishes using 2 mg E2F1-LUC, 100 ng of pcDNA3 expression vector and 200 ng Renilla luciferase internal control (Promega, Madison, WI, USA).
Biochemical assays
Nuclear (BALB/c-3T3 cells) and whole cell extracts (transfected C-33A cells) were prepared as previously described (Ikeda et al., 1996) . Western blots and electrophoretic mobility shift assays (EMSAs) were performed as previously described (Flores et al., 1998) . Immunoprecipitation (IP) experiments used Dynal paramagnetic beads (Dynal, Success Lake, NY, USA). Luciferase assays were performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA). Northerns were done using GeneScreen (NEN Research Products, Boston, MA, USA) according to the manufacturer's protocol. Polyadenylated RNA was puri®ed using a Poly Atract System 1000 (Promega, Madison, WI, USA).
Denaturing iso-electric focusing gels were run as described in Current Protocols in Protein Science (Coligan et al., 1995) with the following modi®cations. All gels were 10 cm long and contained 8 M Urea, 2% Triton X-100, 4.5% Acrylamide (19 : 1), 2.6% ampholyte mixture pH 3 to 10, and 2.0% ampholyte mixture pH 4 to 6.5 (ampholytes were from Amersham/Pharmacia, Pharmalyte brand). Running buers were 20 mM Phosphoric acid and 20 mM NaOH. They were prepared fresh for each gel and the NaOH solution was degassed before use. Low ionic strength samples were suspended in IEF load buer (8 M urea, 2% Triton X-100, 2% ampholyte pH 3 to 10.5, 0.7 M b-mercaptoethanol) before loading. Gels were run for 3 ± 4 h at a constant power of 5 W. Gels were analysed either by autoradiography of radiolabeled samples or by Western blot. If analysed by Western blot, gels were ®rst washed ®ve times for 10 minutes with 100 ml of 50% Methanol, 1% SDS, and 5 mM Tris pH 7.9. After washing, the proteins were transferred overnight to PVDF membrane (Millipore) and developed using standard procedures.
For DNA pull-down puri®cation of E2F, 200 mgs of nuclear extract were treated with 0.4% deoxycholate (DOC) to disrupt E2F/RB complexes (apparently E2F-3B/RB complexes do not bind DNA well in this assay or in the EMSA). The DOC was neutralized with Nonidet P-40, and the extract incubated with a biotinylated double-stranded oligonucleotide (the 5'-biotinylated oligonucleotide was 5'-TCG ACC CCT TTT CCC GCC AAA AGG GG-3' and complementary strand was 5'-TCG ACC CCT TTT GGC GGG AAA AGG GG-3'). The biotinylated DNA and bound E2F were`pulled down' using streptavidin-agarose beads.
Production of antibodies against an E2F-3 internal region
The following oligonucleotide primers were used in the PCR to generate a fragment which was cleaved with BamHI and EcoRI and cloned into pGEX2T: forward primer; 5'-CCG CCG GGA TCC ATG AAA ACA AAC AAC CAA-3' and reverse primer; 5'-CCG CCG GAA TTC TCA GTT CAC AAA CGG TCC-3'). GST-E2F-3 351 ± 414 fusion protein was expressed in bacteria and puri®ed by anity chromatography. Aves Labs (Tigard, OR, USA) used the puri®ed fusion protein to raise antibodies in two laying hens and provided puri®ed IgY from preimmune and post-immune eggs.
